ABSTRACT In order to survive and persist in an immunocompetent human host, Borrelia burgdorferi controls the human immune attack and blocks the damaging effects of the activated complement system. These Gram-negative spirochetes use CspA (CRASP-1) and four additional immune evasion proteins to bind combinations of human plasma regulators, including factor H, factor H-like protein 1 (FHL-1), complement factor H-related protein 1 (CFHR1), CFHR2, CFHR5, and plasminogen. As many microbial immune evasion proteins have multiple functions, we hypothesized that CspA has additional roles in complement or immune control. Here, we identify CspA as a terminal complement inhibitor. Borrelial CspA binds the human terminal complement components C7 and C9 and blocks assembly and membrane insertion of the terminal complement complex (TCC). CspA inhibits TCC assembly at the level of C7, as revealed by hemolytic assays, and inhibits polymerization of C9. CspA, when ectopically expressed on the surface of serum-sensitive Borrelia garinii, blocks TCC assembly on the level of C7 and induces serum resistance in the transformed bacteria. This CspA-mediated serum resistance and terminal complement pathway inhibition allow B. burgdorferi to survive in the hostile environment of human plasma. 
B. burgdorferi has developed sophisticated strategies to control the human immune response. Borreliae acquire host regulators to modulate complement attack and to disseminate into deeper tissue layers (10) . B. burgdorferi expresses CspA and the four additional immune evasion proteins, CspZ, ErpP, ErpC, and ErpA, which represent a group of functionally related but structurally heterologous proteins (10, 11) .
These five borrelial proteins bind the human plasma regulators factor H and plasminogen, but the borrelial proteins differ in binding of factor H-like protein 1 (FHL-1) and complement factor H-related proteins (CFHRs) (12) . CspA and CspZ bind factor H and FHL-1 but not CFHR1 (13) (14) (15) . In contrast, ErpP, ErpC, and ErpA bind factor H and CFHR1 but not FHL-1 (13, 15) . ErpP and ErpA also bind the human complement proteins CFHR2 and CFHR5 (16) . CspA is highly conserved among borrelial species, and this 25.9-kDa protein also binds collagen I, collagen III, collagen IV, fibronectin, laminin, and bone morphogenic protein 2 (17, 18) . CspA expression is induced during tick feeding and made during transmission and early mammalian infection and mediates serum resistance of B. burgdorferi (18) (19) (20) .
Acquisition of soluble complement regulators by pathogenic microbes and inhibition of C3 and C5 convertases is a common evasion strategy and is relatively well characterized. In addition, pathogens express and secrete proteins that bind C3 and C3 cleavage products and thereby inhibit C3 activation or C3 effector functions. At present, microbial evasion of the terminal complement pathway is less understood. So far, five pathogen-encoded TCC inhibitors are, to our knowledge, identified: (i) a CD59-like protein from B. burgdorferi, (ii) streptococcal inhibitor of complement (SIC) from Streptococcus pyogenes, (iii) paramyosin from Schistosoma mansoni and Trichinella spiralis, (iv) Schistosoma C inhibitory protein type 1 (SCIP-1) from Schistosoma mansoni, and (v) galactose-specific adhesin from Entamoeba histolytica (21) (22) (23) (24) (25) (26) .
Each of the five borrelial complement evasion proteins binds at least two human complement regulators, but the borrelial proteins differ in serum resistance (15, 16, 27) . Therefore, we hypothesized that these borrelial proteins have additional roles in immune evasion and we searched for additional complement inhibitory activities. Here, we identify CspA as a terminal complement inhibitor. CspA blocks the terminal complement pathway by inhibiting C5b-9 assembly at the level of C7 and also by blocking C9 polymerization. The TCC inhibitory domain of CspA was located in a stretch of 107 residues ranging from amino acids 109 to 215. Inhibition of the terminal pathway contributes to serum resistance of B. burgdorferi. To our knowledge, CspA is the first terminal pathway inhibitor of B. burgdorferi identified on the gene level.
RESULTS
CspA inhibits the alternative complement pathway independent of factor H acquisition. The Gram-negative bacterium B. burgdorferi expresses immune evasion proteins that bind human complement regulators (13, 15, 16, 27) . In order to define additional roles in immune evasion, we analyzed whether CspA and the other borrelial proteins inhibit hemolytic activity of normal human serum (NHS) using rabbit erythrocytes. CspA and ErpP, but neither CspZ, ErpC, nor ErpA, inhibited alternative pathway-mediated hemolysis (Fig. 1A) . CspA was the most potent inhibitor and at 10 g/ml blocked erythrocyte lysis by 80% (Fig. 1A) . CspA displayed this inhibitory activity for serum concentrations ranging from 2.5 to 10% (Fig. 1B) . In order to prove that this inhibitory activity is independent of factor H binding, CspA-mediated inhibition was assayed in factor H-depleted, complement-active human serum (HS⌬Factor H). Also in this depleted serum, CspA inhibited alternative pathway-mediated hemolysis (Fig. 1C) . This inhibitory effect of CspA was specific for human serum and was not detected when mouse, sheep, goat, guinea pig, or dog serum were used as the complement source (Fig. 1D) .
CspA inhibits all three complement pathways. CspA inhibits the alternative pathway of complement in the absence of factor H. We next asked whether CspA also inhibits the lectin and the classical pathways of complement. To this end, pathway-specific activators and buffers were used to activate each complement pathway using NHS, and C5b-9 deposition was followed after incubation (28) . CspA blocked complement activated by each pathway (Fig. 2) . CspA used at a concentration of 100 g/ml blocked the alternative pathway and the lectin pathway by 84% and 77%, respectively ( Fig. 2A and B) . In addition, CspA blocked the classical pathway, and at 100 g/ml, C5b-9 deposition was reduced by 34% (Fig. 2C ). To confirm this inhibitory effect, CspA was also tested in a hemolytic assay with amboceptor-coated sheep
FIG 1
CspA inhibits the alternative pathway of complement independent of factor H. (A) CspA and ErpP, but not CspZ, ErpC, or ErpA, inhibit alternative pathway-mediated hemolysis. The five recombinant borrelial proteins (5 to 50 g/ml) were added to NHS, and then the mixture was applied to rabbit erythrocytes. Following incubation, erythrocyte lysis was recorded. (B) CspA inhibited alternative pathway-mediated hemolysis in 2.5 to 10% serum. The CspA (10 g/ml) inhibitory effect on alternative pathway-mediated hemolysis of rabbit erythrocytes using NHS at concentrations ranging from 2.5 to 10% was analyzed. (C) CspA inhibited alternative pathway-mediated hemolysis in complement-active human serum depleted for factor H (HS⌬Factor H). CspA (50 g/ml) was added to HS⌬Factor H (15%), and then the mixture was applied to sheep erythrocytes. (D) Lysis of rabbit erythrocytes in serum derived from the indicated species, i.e., mouse, sheep, goat, guinea pig, or dog. Each panel represents the mean values from three separate experiments, and error bars show standard deviations (SD). *, P Յ 0.05; **, P Յ 0.01; ***, P Յ 0.001. erythrocytes. Again, the effect of CspA was dose dependent, and at 67 g/ml, CspA inhibited hemolysis by 70% (Fig. 2D) . Similarly, CspA inhibited all three complement pathways in the Wielisa complement activation assay (see Fig. S1 in the supplemental material). Thus, CspA is a borrelial complement inhibitor that blocks all three complement pathways.
CspA inhibits complement downstream of the C3 and the C5 convertases. In order to define at which step CspA blocks the complement cascade, zymosan-activated NHS was used. First, the effect of CspA on the C3 convertase of the alternative and classical/ lectin pathways was analyzed. CspA affected neither C3a (see Fig. S2A and B in the supplemental material), Ba (see Fig. S2C and D), Bb (see Fig. S2D ), nor C2b (see Fig. S2E ) generation. Thus, CspA did not influence C3 convertase activity of the alternative, classical, or lectin pathway. Furthermore, CspA lacked decayaccelerating activity for the alternative pathway C3 convertase (see Fig. S2F ). In addition, CspA did not affect C5 convertase activity and did not influence C5a generation (see Fig. S3 ).
CspA is a terminal pathway inhibitor. CspA blocked complement activation in factor H-depleted human serum but did not influence the C3 or C5 convertase. These scenarios suggested an effect distal of the two central enzymatic convertases on the terminal pathway. To analyze a role of CspA on the terminal pathway, first binding of terminal complement components to CspA was assayed. C7 and C9 bound to immobilized CspA, and C5b-6, C8, and C5b-9 bound with lower intensity (Fig. 3A) . C7 bound to immobilized CspA with an intensity similar to that of the terminal pathway regulator vitronectin. The analyzed terminal complement proteins bound with rather low intensity to ErpC (Fig. 3A) . To demonstrate a functional activity of CspA on the terminal pathway, next the effect of CspA on TCC-mediated lysis of sheep erythrocytes was tested using purified terminal pathway components. CspA combined with C7, C8, and C9 was added to C5b-6-coated sheep erythrocytes, and erythrocyte lysis was recorded after incubation. CspA inhibited erythrocyte lysis, and the effect was dose dependent and at 100 g/ml reduced lysis by 71% (Fig. 3B ). This effect was specific for CspA, as neither ErpC nor factor H, the human C3 convertase regulator, blocked erythrocyte lysis (Fig. 3B) .
In order to assay at which level CspA interferes with C5b-9 formation, CspA was added sequentially to terminal complement components. First, CspA was preincubated with C7, C8, and C9 and then added to C5b-6-treated erythrocytes. In this setup, CspA (at 100 g/ml) reduced erythrocyte lysis by 71% (Fig. 3C ). When CspA was combined with C8 and C9 and then added to C5b-7-coated sheep erythrocytes, the inhibitory effect was lower and lysis was reduced by 38% (Fig. 3C ). In addition, CspA when combined with C9 and then added to C5b-8-coated erythrocytes had a much lower effect on lysis (19%) (Fig. 3C) . Thus, CspA inhibits C5b-9 formation predominantly at the level of C7.
In order to define this inhibitory effect on TCC in more detail, we analyzed whether CspA inhibits binding of C7 to the C5b-6 complex. CspA was preincubated with C7, and thereafter the mixture was added to immobilized C5b-6. C7 bound to C5b-6, and C7 complexed with CspA bound with the same intensity (see Fig. S4A in the supplemental material). Vitronectin slightly reduced binding of C7, and the C7-specific monoclonal antibody (MAb) blocked C7 binding to immobilized C5b-6. Thus, CspA binds to C7 but does not block attachment of C7 to the C5b-6 complex.
The CspA-C7 interaction was further characterized by analyzing binding of C7 to immobilized CspA. C7 bound dose dependently to immobilized CspA (see Fig. S4B ). At 20 g/ml, C7 bound both the borrelial CspA protein and human vitronectin with similar intensity. C7 is a heparin binding protein, and therefore the effect of heparin on the C7-CspA interaction was followed (29) . Heparin modulated binding of C7 dose dependently and at 500 g/ml reduced binding by 42% (see Fig. S4C ). In addition, NaCl inhibited binding of C7 to immobilized CspA and at 0.15 M reduced binding by 60% (see Fig. S4D ).
CspA binds to C9 and inhibits polymerization. CspA binds to C7 and also to C9. C9 bound to immobilized CspA, and binding was dose dependent (Fig. 4A ). C9 is a heparin binding protein (29) , and heparin inhibited binding of C9 to CspA dose dependently (Fig. 4B ). Used at 500 g/ml, heparin inhibited C9 binding to CspA by 46%. In addition, NaCl at 0.15 M inhibited C9 binding to CspA by 35% (Fig. 4C ). C5b-9 formation results in C9 polymerization. To determine whether CspA inhibits C9 polymerization, CspA was mixed with C9, and C9 polymerization was induced by ZnCl 2 . C9 monomers (mC9) and C9 polymers (pC9), when separated by SDS-PAGE, were directly identified by silver staining based on their distinct mobilities. C9 polymerization was induced by ZnCl 2 (Fig. 4D, lane 1) . In the presence of CspA and ZnCl 2 , no C9 polymers were identified (Fig. 4D , lanes 2 and 3).
FIG 2
CspA inhibits all three complement pathways. CspA () or HSA (OE) (1 to 100 g/ml) was added together with NHS (20%) diluted in MgEGTA buffer (alternative pathway) (A) or NHS (1%) diluted in GVBϩϩ buffer (lectin and classical pathways) (B and C) to pathway-specific activators. Following incubation, C5b-9 deposition was recorded using an anti-C5b-9 MAb and HRP-conjugated rabbit anti-mouse pAb. C5b-9 deposition from NHS was set to 100%. (D) CspA inhibits classical pathway-mediated hemolysis of amboceptor-coated sheep erythrocytes. CspA (), ErpC (o), or HSA (OE) (used at 2 to 67 g/ml) was added to NHS (1%), and then this mixture was combined with amboceptor-coated sheep erythrocytes. The mean values out of three separate experiments are shown, and error bars show SD. **, P Յ 0.01; ***, P Յ 0.001.
ErpC did not influence C9 polymerization, and both C9 monomers and C9 polymers were detected (Fig. 4D, lane 4) . Thus, CspA blocks polymerization of C9.
Localization of the CspA region that mediates TCC inhibition. In order to localize the region of the CspA protein that mediates TCC inhibition, CspA and CspA deletion mutants were used for binding and functional assays (Fig. 5A, left) . First, the binding region of CspA for C7 or C9 was localized. Both C7 and C9 bound to immobilized full-length CspA 26 -251 and to the CspA 26 -240 , CspA 26 -215 , and CspA 61-250 deletion mutants (Fig. 5A ). In contrast, neither C7 nor C9 bound to the CspA 26 -108 deletion mutant. Thus, the major C7 and C9 binding region of CspA was localized within amino acid residues 109 to 215. Binding of CspA to C7 or C9 was confirmed by microscale thermophoresis. CspA bound to labeled C7 with an affinity of 5.1 Ϯ 0.2 M (Fig. 5B ) and to C9 with an affinity of 3.4 Ϯ 0.1 M (Fig. 5C ). The binding of C7 and C9 to the CspA 26 -108 deletion mutant and to bovine serum albumin (BSA) was significantly reduced compared to binding of full-length CspA.
The various CspA deletion mutants were further analyzed for their effect on TCC-mediated hemolysis. Full-length CspA 26 -251 and the CspA 26 -240 , CspA 26 -215 , and CspA 61-250 deletion mutants, but not the CspA 26 -108 deletion mutant, blocked terminal pathway-mediated hemolysis of sheep erythrocytes, induced by purified terminal pathway components (Fig. 5D) . Thus, the TCC inhibitory region of CspA was localized to the 107-amino-acid-long region, i.e., 109 to 215, which also includes the major C7 and C9 binding regions. The CspA mutants were further tested for inhibition of C9 polymerization. Similar to full-length CspA (Fig. 5E, lanes 2 and 3) , the CspA 26 -240 (Fig. 5E , lanes 4 and 5), CspA 26 -215 (Fig. 5E , lanes 6 and 7), and CspA 61-250 (Fig. 5E , lanes 10 and 11) deletion mutants, but not the CspA 26 -108 deletion mutant (Fig. 5E , lanes 8 and 9), inhibited C9 polymerization.
C7 and C9 bind simultaneously to CspA. C7 and C9 bind within the same 107-amino-acid-long region of CspA. Therefore, we asked if the two human terminal pathway components bind to the same overlapping region and compete for binding or if they bind to separate sites and therefore bind simultaneously to CspA. C7 in the presence of constant amounts of C9 (10 g/ml) bound dose dependently to CspA and did not influence C9 binding (see Fig. S5A in the supplemental material). Similarly, C9 bound dose dependently to CspA and did not significantly influence C7 binding (see Fig. S5B ). This simultaneous binding suggests that C7 and C9 have distinct binding sites in the 107-amino-acid-long region of CspA. C7/C9 and factor H attach to different regions in CspA. As C7, C9, and factor H bind to CspA, we asked if these proteins bind simultaneously to CspA or compete for binding. C7 bound dose dependently to immobilized CspA and did not affect factor H binding (see Fig. S5C ). Factor H, when used at increasing concentrations, slightly reduced C7 binding to CspA, and when used at 5 g/ml, factor H reduced C7 binding only by 17% (see Fig. S5D ). As C9 binds to CspA, simultaneous binding of C9 and factor H was analyzed next. C9, when used at increasing concentrations, slightly reduced factor H binding (11%) to CspA (see Fig. S5E ). Similarly, in a reverse setting, factor H slightly reduced C9 binding to CspA (see Fig. S5F ). Factor H used at 5 g/ml reduced C9 binding by 23%. Thus, both C7 and C9 bind independently and do not compete with factor H and also bind independently and most likely to different regions of the CspA protein.
CspA inhibits C5b-9/TCC in fluid phase and contributes to borrelial survival. CspA inhibits TCC-mediated lysis of erythrocytes. Next, we asked whether CspA added in fluid phase contributes to borrelial survival by inhibiting the terminal complement pathway. To this end, CspA was first added to NHS. Following incubation of serum-sensitive Borrelia garinii G1 in this CspA-supplemented serum, surface deposition of C6 and C5b-9 was assayed by confocal microscopy. In the presence of CspA, C6 and low levels of C5b-9 were detected on the bacterial surface (Fig. 6A, top panels) . When bacteria that do and C9 bind to immobilized CspA. C5b-6, C7, C8, C9, and C5b-9 (each at 5 g/ml) were added, and binding to immobilized CspA (5 g/ml) was analyzed. Bound components were identified with specific antisera followed by HRP-conjugated anti-goat antibody. (B) CspA blocks terminal pathway-mediated hemolysis of sheep erythrocytes using purified TCC components. CspA () (2 to 200 g/ml) was combined with C7, C8, and C9, and thereafter the mixture was added to C5b-6-coated sheep erythrocytes. Following incubation, hemolysis was recorded. Lysis of sheep erythrocytes in the presence of C5b-9 was set to 100%. Similarly, ErpC (o), factor H (OE), and the terminal pathway inhibitor vitronectin (छ) were analyzed for their effect on terminal pathway-mediated hemolysis. (C) CspA inhibits the terminal complement pathway at the level of C7. CspA (used at 50 and 100 g/ml) was added together with C7, C8, and C9, and this mixture was added to C5b-6-coated sheep erythrocytes. Following incubation, hemolysis was recorded (first set of columns, C7-C9). ErpC (dark gray columns), vitronectin (gray columns), or factor H (white columns) was used at the indicated concentrations. Similarly, CspA was added to C8 and C9, and then the mixture was combined with C5b-7-coated erythrocytes (second set of columns, C8-C9), and CspA added to C9 was then applied to C5b-8-coated erythrocytes (third set of columns, C9). The mean values from three separate experiments are shown, and error bars correspond to SD. *, P Յ 0.05; **, P Յ 0.01; ***, P Յ 0.001. not express CspA were challenged with NHS, C6 and C5b-9 were deposited on the bacterial surface (Fig. 6B, top panels) . In addition, the effect of CspA for survival of serum-sensitive B. garinii G1 was followed using a standard growth inhibition assay. When serum-sensitive B. garinii G1 was cultivated in CspA-supplemented NHS, bacteria remained viable over the whole time period of 7 days (Fig. 6C) . In contrast, spirochetes challenged with complement-active NHS did not survive (Fig. 6C) . Those bacteria lacked metabolic activity, as evidenced by constant absorbance over the whole experimental period of seven days. Furthermore, CspA, when added to NHS, also blocked complement-mediated killing of the serumsensitive, Gram-negative bacterium Pseudomonas aeruginosa strain SG137 (Fig. 6D to F) . This inhibitory effect was specific for CspA, as the borrelial protein ErpC and also human serum albumin (HSA) did not affect the serum-damaging activity of complement. CspA inhibited complement in NHS when the alternative pathway was activated (Fig. 6D) or when all three complement pathways were active (Fig. 6E) . Sbi, a Staphylo- 26 -251 and the four deletion mutants were combined with C7, C8, and C9, and thereafter the mixture was added to C5b-6-coated sheep erythrocytes. Lysis of sheep erythrocytes in the presence of C5b-9 was set to 100%. The mean values from three separate experiments are shown, and error bars show SD. ***, P Յ 0.001. (E) The amino acid residues 109 to 251 of CspA are relevant for inhibition of C9 polymerization. ZnCl 2 induced C9 polymerization, and after incubation the samples were separated by SDS-PAGE; following silver staining, C9 polymers (pC9) and C9 monomers (mC9) were identified by their mobility. C9 polymerizes in the presence of ZnCl 2 (lane 1). CspA 26 -251 , CspA 26 -240 , CspA 26 -215 (lanes 2 to 7) , and CspA 61-251 (lanes 10 and 11) (2.5 and 5 g) block polymer formation. CspA 26 -108 (lanes 8 and 9) does not influence C9 polymerization. The data shown are representative of three independent experiments. coccus aureus complement inhibitor, also blocked the complement-mediated damaging effects, resulting in survival of P. aeruginosa ( Fig. 6D and E) (30) . Similarly, heatinactivated NHS (hiNHS) lacked such bactericidal activity. To provide additional proof that the TCC inhibitory effect of CspA is independent of the protective effect of factor H, CspA-mediated inhibition was assayed in factor H-depleted, complement-active human serum (HS⌬Factor H), and survival of P. aeruginosa was evaluated. CspA inhibited alternative pathway-mediated killing of P. aeruginosa in the absence of factor H, and the effect was dose dependent (Fig. 6F) . Thus, CspA inhibits TCC action of complement independent of factor H acquisition and in consequence protects B. garinii and also P. aeruginosa from complement-mediated killing.
CspA ectopically expressed on the surface of serum-sensitive B. garinii contributes to serum resistance and blocks C5b-9 deposition at the level of C7. CspA is a borrelial surface protein (15, 18) . To demonstrate a protective role of CspA directly on the bacterial surface, CspA was ectopically expressed on the surface of the serum-sensitive B. garinii strain G1. B. garinii G1 was transformed with either the plasmid pCspA harboring the cspA gene or with the shuttle plasmid pKFSS1 that lacks the cspA insert. Transformation of the plasmid was confirmed by PCR amplification of the cspA gene and the streptomycin resistance aadA gene. Both the cspA and the aaaA genes were detected in the transformed B. garinii-CspA spirochetes (see Fig. S6A , lane 4, in the supplemental material) but not in the B. garinii G1 strain transformed with a vector without the cspA insert (see Fig. S6A, lane 3) . The vectorspecific aadA gene was detected in the B. garinii G1 transformants containing the vector with or without cspA (see Fig. S6A , lanes 3 to 5). To confirm surface expression of CspA in the transformed B. garinii (B. garinii-CspA) strain, intact spirochetes were treated with the protease proteinase K or trypsin. Surface-exposed proteins, but neither periplasmic nor intracellular proteins, are susceptible to protease treatment. CspA was susceptible to proteinase K digestion (see Fig. S6B, top, lane 2) . The outer membrane of the spirochetes remained intact, and FlaB, a component of the periplasmic flagella (31), was not degraded (see Fig. S6B, bottom) . Thus, CspA is expressed at the surface of transformed B. gariniiCspA spirochetes.
Following NHS challenge of transformed B. garinii-CspA spirochetes and also mock-transformed B. garinii, surface deposition of C3 and individual terminal pathway components was analyzed. The CspA-expressing bacteria had C3 and C6 deposited onto their surface, but neither deposition of C7, C8, C9, nor C5b-9 was detected (Fig. 7A) . In contrast, B. garinii had C3 and all analyzed TCC components deposited on its surface (Fig. 7B) . To confirm that CspA by inhibiting C5b-9 contributes to bacterial survival, B. garinii-CspA spirochetes were challenged with NHS. Bacterial survival was assessed by monitoring the metabolic activity. CspAexpressing spirochetes survived in complement-active NHS, remained viable, and retained their metabolic activity over the whole time period (Fig. 7C) . The growth rate of the CspAexpressing B. garinii was comparable to that of wild-type B. burgdorferi B31, which expresses endogenous CspA on the surface (see Fig. S7 in the supplemental material). As expected, B. garinii transformed with the empty shuttle vector (B. garinii) and thus lacking CspA on the surface did not survive this serum challenge, as evidenced by constant absorbance (Fig. 7D) . Thus, CspA expressed on the surface of borreliae confers serum resistance and blocks C5b-9/TCC deposition at the level of C7.
FIG 6
CspA inhibits complement in fluid phase independent of factor H. (A) CspA (200 g/ml) when added to NHS (25%) (CspA-NHS) inhibited C5b-9 deposition on the surface of the serum-sensitive B. garinii strain G1. C6 or C5b-9 surface deposition was evaluated by confocal microscopy using specific antibodies followed by Alexa 488-conjugated antibodies. DAPI was used to visualize intact spirochetes. (B) B. garinii was challenged with NHS, and C6 and C5b-9 deposition on the surface was evaluated. (C) CspA-NHS blocked complement () and resulted in survival of the serum-sensitive B. garinii. Bacterial growth was determined by measuring the ratio of absorbance at 562 versus 630 nm. B. garinii was cultivated in NHS (50%) (छ) or hiNHS (50%) (o). (D and E) CspA, when added to NHS, blocked the alternative pathway or all complement pathways. CspA () (2.5 to 25 g/ml), ErpC (o) (2.5 to 25 g/ml), HSA (OE) (2.5 to 25 g/ml), and Sbi (छ) (10 g/ml) were added to NHS (20%) diluted in MgEGTA (alternative pathway) or GVBϩϩ (all pathways) buffer, and this mixture was used to challenge P. aeruginosa strain SG137. (F) CspA, when added to factor H-depleted, complement-active human serum (HS⌬Factor H), blocked alternative pathway-mediated killing of P. aeruginosa. CspA () (5 to 100 g/ml) or HSA (OE) (5 to 100 g/ml) was added to HS⌬Factor H (20%) diluted in MgEGTA buffer, and this mixture was used to challenge P. aeruginosa strain SG137. After incubation, bacteria were plated on NB agar plates, and the number (CFU) of surviving bacteria was determined. CFU at time point 0 was set to 100%. The mean values from three separate experiments are shown, and error bars show SD. *, P Յ 0.05; **, P Յ 0.01; ***, P Յ 0.001.
DISCUSSION
Here, we identify CspA of B. burgdorferi as an inhibitor of the terminal complement pathway. CspA is a multifunctional borrelial immune evasion protein that binds several human plasma proteins, including the complement regulators factor H, FHL-1, and plasminogen (17, 18, 32, 33) . CspA binds to human TCC proteins, in particular to C7 and C9, and thereby blocks human C5b-9 complex assembly and formation. This inhibitory effect on the TCC is independent of factor H, as CspA blocks C5b-9 complex formation in factor H-depleted human serum, and the inhibitory effect was also detected in hemolytic assays with purified terminal pathway components. Thus, this blockade is independent of enzymatic complement action. CspA inhibits all three complement pathways, i.e., the alternative, the lectin, and the classical pathway. CspA expressed at the borrelial surface blocked C5b-9 complex assembly and formation at the level of C7.
CspA blocks C5b-9 assembly on the borrelial surface and also in solution. Thereby, CspA enhances survival of serum-sensitive B. garinii and, due to the blocking action in fluid phase, also increases survival of the Gram-negative bacterium P. aeruginosa. CspA blocks the terminal pathway of complement. The effect appears to be a general feature for Gram-negative bacteria, as CspA protected B. burgdorferi, B. garinii, and also P. aeruginosa from TCC-mediated lysis. This inhibitory effect is independent of factor H acquisition, and CspA mediates this antibactericidal activity in factor H-depleted, complement-active serum. CspA, when ectopically expressed on the surface of the serum-sensitive B. garinii strain G1, inhibited C5b-9 complex formation at the level of C7. In the presence of CspA, terminal complex assembly proceeds to the level of C6, as C6 is deposited at the surface when bacteria were challenged with NHS supplemented with CspA and when CspA is expressed at the surface of borreliae. In the presence of CspA, neither C7, C8, nor C9 was deposited on the bacterial surface. In consequence, CspA blocked C5b-9 complex formation and in addition polymerization of C9. Thus, CspA protects the bacterium from the damaging effects of the terminal pathway.
CspA binds to terminal pathway components, in particular to C7 and C9. In the C7 protein, the CspA binding site and the attachment site to C5b-6 are distinct, as CspA attached to C7 did not block binding of C7 to C5b-6. CspA binds C7 and C9 with comparable affinity, i.e., 5.1 Ϯ 0.2 M for C7 and 3.4 Ϯ 0.1 M for C9. The binding site for both C7 and C9 was localized within the same region of CspA, i.e., amino acid residues 109 to 215. However, the two human plasma proteins bind simultaneously to CspA and do not compete for binding. The TCC inhibitory region of CspA, which spans from amino acids 109 to 215, includes the attachment sites for C7 and C9, inhibits hemolysis of sheep erythrocytes upon challenge with purified terminal pathway components, and also inhibits C9 polymerization. This TCC inhibitory region of CspA is distinct from the factor H binding region, which is located within the C-terminal amino acid residues 241 to 251 (18) . Thus, borrelial CspA inhibits complement action in two separate ways and influences two major steps in the complement cascade. As reported here, CspA blocks TCC action by binding C7 and C9 and as described earlier by binding the inhibitors factor H and FHL-1, which block the C3 convertase (15, 34) .
For soluble C5b-9, additional functions are proposed, including promotion and modulation of inflammation, release of chemokines, and expression of adhesion molecules (35, 36) . Whether the borrelial CspA also influences these additional effector functions of soluble C5b-9 needs to be determined in future assays.
CspA, the new 25.9-kDa borrelial terminal pathway inhibitor, and the previously described borrelial CD59-like protein may represent different proteins. The CD59-like protein is contained in membrane extracts of the serum-resistant B. burgdorferi strains Alcaide, Tir, and B31 and inhibited TCC-mediated lysis of guinea pig erythrocytes (25) . CspA has an apparent molecular mass of 25.9 kDa, compared to 80 kDa for the CD59-like protein (25) . In addition, CspA lacks reactivity with a MAb specific for CD59 (see Fig. S8 in the supplemental material). In contrast, the CD59-like protein was identified by a CD59-specific antiserum but was never recombinantly expressed. Based on the size and reactivity with the antibodies, CspA and CD59-like protein are most likely different proteins.
At present, a limited number of pathogen-encoded terminal pathway inhibitors are identified. In addition to the two borrelial TCC inhibitors CspA (this study) and CD59-like protein, four other TCC inhibitors are known, i.e., streptococcal inhibitor of complement (SIC) from S. pyogenes, paramyosin from S. mansoni and T. spiralis, schistosome C inhibitory protein type 1 (SCIP-1) of S. mansoni, and the galactose-specific adhesin from E. histolytica (21) (22) (23) (24) 26) . Paramyosin and galactose-specific adhesin and the borrelial CD59-like protein, but not CspA, react with CD59-specific antibodies (21, 22, 25) .
Taken together, CspA is a surface-exposed immune evasion protein of B. burgdorferi that blocks the action of the terminal complement pathway. CspA blocks C5b-9 assembly and TCC effector functions and thus protects borrelia from the effects of the human terminal complement attack. CspA is a multifunctional immune evasion protein that controls human complement at multiple levels. The present study defines how the pathogenic bacterium B. burgdorferi controls the terminal complement pathway of the human host and adds a new level of complement control in microbial complement and immune evasion. The identification of this complement evasion strategy of B. burgdorferi, the characterization of the CspA as a borrelial TCC inhibitor, and the elucidation of the mechanism of how the bacterial pathogen interferes with the human complement add a new aspect to the complex immune interplay of the bacterial pathogen and the human host. CspA is the first TCC inhibitor cloned and functionally characterized from a Gram-negative bacterium. This identification of this borrelial TCC inhibitor expands our knowledge of complement evasion of pathogenic bacteria and shows that B. burgdorferi targets also the terminal pathway of complement. Thus, CspA as a central microbial virulence factor can represent an interesting biomarker and a target to develop new therapeutics and vaccines against borreliae.
MATERIALS AND METHODS
Bacterial strains and culture conditions. B. burgdorferi B31, B. burgdorferi LW2, and B. garinii transformants G1/pKFSS1 (B. garinii) and B. garinii-CspA were grown at 33°C for 2 to 4 days to mid-exponential phase (1 ϫ 10 7 to 5 ϫ 10 7 spirochetes/ml) in modified Barbour-Stoenner-Kelly (BSK) medium or BSK medium supplemented with 20 g/ml streptomycin (15) . P. aeruginosa strain SG137 was routinely cultured in enriched nutrient broth (Serva, Amstetten, Austria) at 37°C to an optical density at 600 nm (OD 600 ) of Ϸ1.0.
Generation and purification of recombinant proteins and construction of shuttle vectors. Construction and expression of plasmids harboring the cspA, cspZ, erpP, erpC, and erpA genes encoding CspA, CspZ, ErpP, ErpC, and ErpA, respectively, and purification of the proteins were described (13, 18, 37, 38) . Cloning and expression of the CspA deletion mutants were performed as previously described (18, 39) . For generation of the CspA deletion mutants, specific primers (Table 1) were used, and the inserts were recloned into the pQE-30 Xa vector (Qiagen). CspA was ectopically expressed on the surface of the serum-sensitive B. garinii strain G1 (40) . Briefly, the cspA gene with its flanking regulatory regions was amplified from B. burgdorferi LW2 by PCR using primers with restriction sites BamHI and HindIII ( Table 1 ). The sequence of the cspA gene of B. burgdorferi LW2 is identical to the cspA homolog of B. burgdorferi B31. B. garinii G1 was transformed with either the plasmid pCspA harboring the cspA gene or with the shuttle plasmid pKFSS1 that lacks the cspA insert, and transformants were selected as previously described (40) . Cloning and protein expression of Staphylococcus aureus binder of IgG (Sbi) of S. aureus was performed as previously described (30, 41) .
Hemolytic assays. Normal human serum (NHS) was preincubated with recombinant proteins for 15 min at 37°C. Hemolytic assays were used to analyze the alternative pathway (rabbit erythrocytes), the classical pathway (amboceptor-coated sheep erythrocytes), alternative pathway in factor H-depleted serum (HS⌬Factor H) (sheep erythrocytes), or the terminal pathway (sheep erythrocytes). Erythrocytes (2 ϫ 10 8 cells/ml) were incubated with 2.5 to 10% NHS (alternative pathway), 15% HS⌬Factor H (alternative pathway), or 1% NHS (classical pathway) with or without (5 to 50 g/ml) CspA, CspZ, ErpP, ErpC and ErpA, or the CspA deletion mutants (10 g/ml) in MgEGTA buffer (20 mM HEPES, 144 mM NaCl, 7 mM MgCl 2 , and 10 mM EGTA, pH 7.4) (alternative pathway) or CspA (2 to 67 g/ml), ErpC (2 to 67 g/ml), or HSA (2 to 67 g/ml) in gelatin Veronal buffer (GVBϩϩ) (Complement Technology) (classical pathway) for 30 min at 37°C. The terminal pathway was analyzed by using sheep erythrocytes (5 ϫ 10 8 cells/ml) preincubated with C5b-6 (1.5 g/ ml) for 10 min at room temperature (RT) in GVBϩϩ buffer. C7 (1 g/ ml), C8 (0.4 g/ml), and C9 (1 g/ml) were preincubated with CspA (used at concentrations of 2.0 to 200 g/ml), CspA deletion mutants (25 g/ml), ErpC, vitronectin, or factor H for 5 min at RT. Alternatively, C8 and C9 or C9 alone was preincubated for 5 min at RT with 50 to 100 g/ml CspA, ErpC, vitronectin, and factor H before incubation with the C5b-7-or C5b-8-coated erythrocytes, respectively. After 30 min at 37°C, cells were centrifuged, and lysed erythrocytes were determined by measuring the release of hemoglobin at 414 nm. The effect of CspA on different animal sera (Innovative Research) was assayed using 30% animal serum, i.e., mouse, sheep, goat, guinea pig, and dog serum, and 10 g/ml CspA.
Complement activation assays. The activity of CspA on each complement pathway was analyzed by enzyme-linked immunosorbent assay (ELISA). The alternative, lectin, or classical pathway was activated separately by lipopolysaccharide (LPS) (10 g/ml) (alternative pathway), mannan (100 g/ml) (lectin pathway), or IgM (2 g/ml) (classical pathway), and C5b-9 deposition was assayed (28) . The positive control (NHS) was set to 100%. For inhibition, CspA (1 to 100 g/ml) and HSA (1 to 100 g/ml) were preincubated with 20% NHS (alternative pathway) or 1% NHS (classical/lectin pathways) for 15 min at 37°C and thereafter added to the wells.
ELISA. Microtiter plates (F96 Maxisorb, Nunc-Immuno module) were coated with CspA (5 g/ml), CspA deletion mutants (5 g/ml), ErpC (5 g/ml), vitronectin (5 g/ml), or gelatin (5 g/ml) overnight at 
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